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Abstract

The NAIP/NLRC4 inflammasomes activate caspase-1 in response to bacterial type 111 secretion
systems (T3SS). Inadvertent injection of the T3SS rod protein and flagellin into the cytosol are
detected through murine NAIP2 and NAIP5/6, respectively. Here, we identify the agonist for the
orphan murine NAIP1 receptor as the T3SS needle protein. NAIP1 is poorly expressed in resting
mouse bone marrow-derived macrophages (BMMs), however, priming with poly(l:C) induces it,
and confers needle protein sensitivity. Further, overexpression of NAIP1 in immortalized BMMs
by retroviral transduction enabled needle detection. In contrast, peritoneal cavity macrophages
basally express NAIP1 and respond to needle protein robustly independent of priming. Human
macrophages are known to only express one NAIP gene, which detects the needle protein, but not
rod or flagellin. Thus, murine NAIP1 is functionally analogous to human NAIP.
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Introduction

The detection of virulence factors is a key step in the early innate immune response to
infection. Type I11 or type IV secretion systems (T3SS and T4SS) are commonly used
bacterial virulence apparati that inject effector proteins into the cytosol of target host cells,
where they reprogram cellular functions to benefit the pathogen. Salmonella typhimurium is
a flagellated bacterium that uses its SPI1 T3SS to induce macropinocytosis and invasion in
epithelial cells. Structurally, the T3SS apparatus is a hollow multiprotein complex,
composed of a basal body with an interior rod (PrgJ in SPI1) and a hollow needle (Prgl in
SPI1) that protrudes from the bacterial surface. During assembly, the secretion apparatus
exports rod subunits into the interior of the basal body, where they polymerize.
Subsequently, needle subunits are exported, and polymerize to form a direct channel that
links the bacteria to the host cell (1), enabling delivery of the effectors into the host cytosolic
compartment.
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There are many cytosolic surveillance pathways, including the Nod-like receptors (NLRs).
Several NLRs are inflammasomes that act as a platform to activate caspase-1, which carries
out two major functions: 1) processing of two inflammatory cytokines pro-1L-1f and pro-
IL-18 into their mature secreted forms, and 2) induction of a pro-inflammatory lytic cell
death termed pyroptosis. NLRC4 is an inflammasome that primarily responds to infection by
bacteria that utilize T3SS and T4SS. NLRC4 was first shown to respond to flagellin in the
host cell cytosol (2, 3), which is inadvertently injected by the T3SS (4). However, NLRC4
responded to naturally aflagellated S. flexneri (5), as well as S. typhimurium and
Pseudomonas aeruginosa flagellin mutants (6, 7). This flagellin-independent response was
later attributed to detection of the type 111 secretion system (T3SS) rod protein (8), which
presumably is also accidentally translocated into the host cytosol (9, 10). Interestingly, both
flagellin and rod were detected through the same NLRC4 inflammasome (8). The detection
of these two different proteins though the same NLRC4 inflammasome was recently
explained by the existence of distinct upstream NLRs in the NAIP family.

C57BL/6 mice have four functional NAIP transcripts (NAIP1, 2, 5, and 6), while only one
NAIP gene has been described in humans (11). In mice, NAIP2 detects rod proteins while
NAIP5 and NAIP6 detect flagellins, and NAIP1 remains an orphan receptor (12, 13).
Although the single human NAIP is highly homologous to mouse NAIPS5, it does not
activate NLRC4 in the presence of flagellin. Instead, human NAIP detects the needle
protein, while flagellin and rod are not detected (13).

Here, we identify the T3SS needle protein as the agonist for the orphan mouse NAIP1,
which is functionally homologous to human NAIP. This detection event was previously not
observed because murine bone marrow derived macrophages do not express NAIP1 in the
resting state.

Materials and Methods

Tissue Culture

BMMs were prepared from the femurs of C57BL/6 mice by culturing with L-cell
conditioned supernatants. Human U937 monocytes were obtained from ATCC cultured in
RPMI-1640 containing 10% FBS and treated with 50 ng mI~2 PMA for 48 h to induce
differentiation on plastic plates. Differentiated cells were lifted with PBS containing 1mM
EDTA and sub-cultured for assays. Resident peritoneal cavity macrophages were harvested
from naive mice using ice cold PBS containing 1mM EDTA. Peritoneal lavages from 2-3
mice were pooled for each experiment.

Retroviral transduction

Cloning Salmonella Prgl and PrgJ into pMXsIG retroviral system and ensuing retroviral
lethality screen has been described elsewhere (8). Expression of bacterial proteins was
assessed on Day 2 post transduction by flow cytometry. For NAIP1 forced expression,
Platinum-E cells (American Type Culture Collection) were transfected with MSCV2.2
retrovirus based NMA/PI-IRES-GFP or empty vector (12). Retroviral supernatants were
collected at 48 h and spinfections were performed on Myc-immortalized BMMs (iBMMs).
GFP+ population was sorted using Beckman Coulter Mo-Flo XDP and sub-cultured for
further experiments.

Protein Transfections

Cells were stimulated for 3—4 h with 50 ng/ml LPS (List Biological) unless indicated
otherwise. Prgl-6XHis and PrgJ—6XHis were purified using Talon beads (Clontech).
Purified proteins were transfected into macrophages using transfection reagent profect (P2)
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as described previously (8). Lactate dehydrogenase (LDH) activity in the supernatant was
determined with the CytoTox 96 assay (Promega), and IL-1p secretion was determined by
ELISA (R&D Systems).

RQ-PCR analysis

Total RNA was isolated from indicated tissues, BMMs or peritoneal cavity macrophages
using RNeasy Mini Kit (Qiagen), DNase-treated (Promega RQ1), and reverse transcribed
(Invitrogen) and quantitative Tagman PCR. The primers and probes used are described
elsewhere (2). Amounts of mRNA analyzed were normalized to GAPDH or Rps17.

Results and Discussion

We wanted to verify that human macrophages respond to cytosolic needle and not rod
protein (13). Cytosolic delivery of purified Prgl needle protein induced robust pyroptosis
and IL-1p release from THP-1 and U937 cells, two differentiated human macrophage-like
cell lines (Fig. 1A-D). However, there was no significant response to the PrgJ rod protein
(Fig. 1A-D).

Interestingly, while we previously showed mouse bone marrow-derived macrophages
(BMMs) cannot not detect Prgl (2, 8), higher doses of cytosolic Prgl protein resulted in a
weak response (Fig. 1E, 1F). To further confirm this finding, we used a retroviral lethality
screen (8). BMMs from C57BL/6 or N/rc4™~ mice were retrovirally transduced with GFP
only (empty vector), prg-GFP, or prgJALRRs-GFP, or prgl-IRES-GFP and the surviving
cells were analyzed by flow cytometry for GFP expression 2 days following transduction.
While GFP positive BMMs can be recovered from empty vector or, prgJALRRs-GFP
transduction, all prg/-GFP transduced cells undergo pyroptotic cell death (Fig. 1G, 1H).
Some prgl-GFP BMMs could be recovered, but at somewhat reduced percentages (Fig. 1G,
1H). Together these findings suggest a weak needle detection by BMMs. This reduction was
dependent on NLRC4, as N/rc4™~ BMMs showed a higher recovery of prg/-GFP transduced
cells (Fig. 1G, 1H), while empty vector was unaffected in the same experiment (47% in WT
and 45% in Nirc47/=(8). These findings further establish that BMMs are weakly responsive
to cytosolic Prgl in an NLRC4 dependent manner.

We hypothesized that Prgl was detected through the orphan NAIP1 receptor. But why is this
response so inefficient? Activation of some inflammasomes occurs in a two-step process.
For example, NLRP3 requires a priming step achieved by a TLR agonist and AIM2
inflammasome response is enhanced by type I interferon priming (15, 16). In contrast,
NLRC4 inflammasome activation occurs without priming as basal expression of all required
components are sufficient to generate robust responses to flagellin and rod /n vitroand in
vivo. However, BMMs primed with LPS for 4 hours show only a weak response to Prgl
delivered into the cytosol (Fig. 1E, 1F). We hypothesized that needle detection by BMMs
could be augmented by different priming conditions. Therefore, we tested TLR3 ligand,
poly(1:C) which is known to prime a the non-canonicalcaspase-11 inflammasome pathway
(17-19). Indeed, longer stimulation with LPS or poly(l:C) significantly enhanced Naip1
expression in BMMs (Fig. 2A). Consequently, BMMs primed with poly(l:C) showed
increased pyroptosis in response to cytosolic Prgl (Fig. 2B). LPS enhances the pool of pro-
IL-1, type I interferon induced by poly(l:C) treatment inhibits transcription of pro-1L-1p
MRNA (20), so IL-1p secretion cannot be examined under these conditions. Therefore,
while NAIP2, NAIP5, and NAIP6 are basally expressed in BMMs, NAIP1 induction
requires additional priming.

To show that AMajpZ induction was sufficient amongst poly(l:C) primed genes, we
transduced iBMMSs with retroviruses expressing GFP alone or NajpZ-IRES-GFP.
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Untransduced iBMMs closely resemble primary BMMs and respond robustly to PrgJ but not
to Prgl (Fig. 3A, 3B). As expected, NAIP1 expression enabled detection of Prgl, resulting in
significantly enhanced pyroptosis and IL-1f secretion (Fig. 3C, 3D).

Naip1 is poorly expressed in BMMs as determined by quantitative PCR, however, it can be
detected in some macrophage rich tissues including the spleen, small intestine, and colon
(Fig. 4A-B). Interestingly, even under steady state conditions, macrophages from the
peritoneal cavity of mice express substantial amounts of NaijpI (Fig. 4B). These findings are
further corroborated in gene expression profiling of immune cells by the ImmGen
consortium (21). We therefore investigated whether peritoneal cavity (PerC) macrophages
respond to Prgl without poly(1:C) priming. Indeed, Prgl induced robust IL-1f secretion from
PerC macrophages compared to BMMs, and this was dependent upon NLRC4 (Fig. 4B). We
also confirmed that the flagellar hook (FIgE), which is structurally analogous to the needle,
is not detected by PerC macrophages (Fig. 4B). Therefore, primary macrophages that
express NAIP1 in detectable amount are fully capable of sensing the needle protein without
poly(1:C) priming. The physiological relevance of priming of the Naipl pathway /n vivoin
other macrophage populations remains to be investigated.

Together, our studies show that detection of the T3SS needle in the cytosol requires NAIP1.
These results underscore the importance of redundancy in the detection of T3SS. In mice,
three distinct agonists, flagellin, rod, and needle, are targeted by four innate immune NAIP
receptors, which converge upon a single NLRC4 inflammasome (Supplemental Fig. 1).
Therefore the ability to detect a variety of components of this important virulence structure
ensures a thorough surveillance on the part of innate immune phagocytes.

Our findings not only reveal an unappreciated role for NAIP1 in the detection of T3SS
needle but also raise interesting question about mouse versus human pathogen recognition
systems. Data published previously (13) and verified here indicate that humans seem to
detect only the needle protein. Does the lack of rod and flagellin detection make humans
more susceptible to Gram-negative pathogens that use T3SS? Future studies will examine
the importance of flagellin, rod, and needle detection through NAIP5/6, NAIP2, and NAIP1,
respectively.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

Acknowledgments

This work was supported by NIH grant AI097518 (EAM).

References

1. Kubori T, Sukhan A, Aizawa SI, Galan JE. Molecular characterization and assembly of the needle
complex of the Salmonella typhimurium type 111 protein secretion system. Proc Natl Acad Sci USA.
2000; 97:10225-10230. [PubMed: 10944190]

2. Lightfield KL, Persson J, Brubaker SW, Witte CE, von Moltke J, Dunipace EA, Henry T, Sun YH,
Cado D, Dietrich WF, Monack DM, Tsolis RM, Vance RE. Critical function for Naip5 in
inflammasome activation by a conserved carboxy-terminal domain of flagellin. Nat Immunol. 2008;
9:1171-1178. [PubMed: 18724372]

3. Franchi L, Amer A, Body-Malapel M, Kanneganti TD, Ozoren N, Jagirdar R, Inohara N,
Vandenabeele P, Bertin J, Coyle A, Grant EP, Nufiez G. Cytosolic flagellin requires Ipaf for
activation of caspase-1 and interleukin 1 in salmonella-infected macrophages. Nat Immunol. 2006;
7:576-582. [PubMed: 16648852]

J Immunol. Author manuscript; available in PMC 2014 October 15.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Rayamajhi et al.

10
11

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

Page 5

. Sun YH, Rolan HG, Tsolis RM. Injection of Flagellin into the Host Cell Cytosol by Salmonella

enterica Serotype Typhimurium. Journal of Biological Chemistry. 2007; 282:33897-33901.
[PubMed: 17911114]

. Suzuki T, Franchi L, Toma C, Ashida H, Ogawa M, Yoshikawa Y, Mimuro H, Inohara N, Sasakawa

C, Nufiez G. Differential Regulation of Caspase-1 Activation, Pyroptosis, and Autophagy via Ipaf
and ASC in Shigella-Infected Macrophages. PLoS Pathog. 2007; 3:e111. [PubMed: 17696608]

. Miao EA, Alpuche-Aranda CM, Dors M, Clark AE, Bader MW, Miller SI, Aderem A. Cytoplasmic

flagellin activates caspase-1 and secretion of interleukin 1f via Ipaf. Nat Immunol. 2006; 7:569-
575. [PubMed: 16648853]

. Sutterwala FS, Mijares LA, Li L, Ogura Y, Kazmierczak Bl, Flavell RA. Immune recognition of

Pseudomonas aeruginosa mediated by the IPAF/NLRC4 inflammasome. J Exp Med. 2007;
204:3235-3245. [PubMed: 18070936]

. Miao EA, Mao DP, Yudkovsky N, Bonneau R, Lorang CG, Warren SE, Leaf IA, Aderem A. From

the Cover: Innate immune detection of the type 111 secretion apparatus through the NLRC4
inflammasome. Proc Natl Acad Sci USA. 2010; 107:3076-3080. [PubMed: 20133635]

. Miao EA, Warren SE. Innate Immune Detection of Bacterial Virulence Factors Via the NLRC4

Inflammasome. J Clin Immunol. 2010; 30:502-506. [PubMed: 20349122]

. Miao, EA. Salmonella and Caspase-1: a complex interplay of detection and evasion. 2011. p. 1-6.
. Diez E, Lee SH, Gauthier S, Yaraghi Z, Tremblay M, Vidal S, Gros P. Bircle is the gene within
the Lgn1 locus associated with resistance to Legionella pneumophila. Nat Genet. 2002; 33:55-60.
[PubMed: 12483212]

Kofoed EM, Vance RE. Innate immune recognition of bacterial ligands by NAIPs determines
inflammasome specificity. Nature. 2011; 477:592-595. [PubMed: 21874021]

Zhao Y, Yang J, Shi J, Gong YN, Lu Q, Xu H, Liu L, Shao F. The NLRC4 inflammasome
receptors for bacterial flagellin and type I11 secretion apparatus. Nature. 2011; 477:596-600.
[PubMed: 21918512]

Korb M, Rust AG, Thorsson V, Battail C, Li B, Hwang D, Kennedy KA, Roach JC, Rosenberger
CM, Gilchrist M, Zak D, Johnson C, Marzolf B, Aderem A, Shmulevich I, Bolouri H. The Innate
Immune Database (I1DB). BMC Immunol. 2008; 9:7. [PubMed: 18321385]

Bauernfeind FG, Horvath G, Stutz A, Alnemri ES, MacDonald K, Speert D, Fernandes-Alnemri T,
Wu J, Monks BG, Fitzgerald KA, Hornung V, Latz E. Cutting Edge: NF- B Activating Pattern
Recognition and Cytokine Receptors License NLRP3 Inflammasome Activation by Regulating
NLRP3 Expression. The Journal of Immunology. 2009; 183:787-791. [PubMed: 19570822]
Jones JW, Kayagaki N, Broz P, Henry T, Newton K, O’Rourke K, Chan S, Dong J, Qu Y, Roose-
Girma M, Dixit VM, Monack DM. Absent in melanoma 2 is required for innate immune
recognition of Francisella tularensis. Proc Natl Acad Sci USA. 2010; 107:9771-9776. [PubMed:
20457908]

Aachoui Y |, Leaf A, Hagar JA, Fontana MF, Campos CG, Zak DE, Tan MH, Cotter PA, Vance
RE, Aderem A, Miao EA. Caspase-11 Protects Against Bacteria That Escape the Vacuole.
Science. 2013; 339:975-978. [PubMed: 23348507]

Fitzgerald VKRSVLWASCBLSJLK, Vanaja SK, Waggoner L, Sokolovska A, Becker C, Stuart
LM, Leong JM, Fitzgerald KA. TRIF Licenses Caspase-11-Dependent NLRP3 Inflammasome
Activation by Gram-Negative Bacteria. Cell. 2012; 150:606—619. [PubMed: 22819539]

Broz P, Ruby T, Belhocine K, Bouley DM, Kayagaki N, Dixit VM, Monack DM. Caspase-11
increases susceptibility to Salmonella infection in the absence of caspase-1. Nature. 2012;
490:288-291. [PubMed: 22895188]

Guarda G, Braun M, Staehli F, Tardivel A, Mattmann C, Forster I, Farlik M, Decker T, Du
Pasquier RA, Romero P, Tschopp J. Type | Interferon Inhibits Interleukin-1 Production and
Inflammasome Activation. Immunity. 2011; 34:213-223. [PubMed: 21349431]

Heng TS, Painter MW, Elpek K, Lukacs-Kornek V, Mauermann N, Turley SJ, Koller D, Kim FS,
Wagers AJ, Asinovski N. The Immunological Genome Project: networks of gene expression in
immune cells. Nat Immunol. 2008; 9:1091-1094. [PubMed: 18800157]

Gautier EL, Shay T, Miller J, Greter M, Jakubzick C, Ivanov S, Helft J, Chow A, Elpek KG,
Gordonov S, Mazloom AR, Ma’ayan A, Chua WJ, Hansen TH, Turley SJ, Merad M, Randolph

J Immunol. Author manuscript; available in PMC 2014 October 15.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Rayamajhi et al.

Page 6

GJ, Gautier EL, Jakubzick C, Randolph GJ, Best AJ, Knell J, Goldrath A, Miller J, Brown B,
Merad M, Jojic V, Koller D, Cohen N, Brennan P, Brenner M, Shay T, Regev A, Fletcher A,
Elpek K, Bellemare-Pelletier A, Malhotra D, Turley S, Jianu R, Laidlaw D, Collins J, Narayan K,
Sylvia K, Kang J, Gazit R, Garrison BS, Rossi DJ, Kim F, Rao TN, Wagers A, Shinton SA, Hardy
RR, Monach P, Bezman NA, Sun JC, Kim CC, Lanier LL, Heng T, Kreslavsky T, Painter M,
Ericson J, Davis S, Mathis D, Benoist C. Gene-expression profiles and transcriptional regulatory
pathways that underlie the identity and diversity of mouse tissue macrophages. Nat Immunol.
2012; 13:1118-1128. [PubMed: 23023392]

J Immunol. Author manuscript; available in PMC 2014 October 15.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Rayamajhi et al.

Page 7
'AS.O U937 %00 U937 ;15 Thp1
K40 g
g £ =300 0
230 2200 X
g0 2 g
i 5 102 &
0 s
O O
0 RO bQQ a2 q?/ ng/well éo S P & ’L P & ng/welle& v\ﬁ@ A »\’io@%ng/well
PrgJ Prgl PrgJ Prgl PrgJ  Prgl
. 150 Thp! E. =40 BMMs F. 5. swws
— * —
£ > E
2100 530 52
~ x ~
& £20 @
2 50 1 < 51
- ©10 =
0 0 |
é o, {1/ b@ ng/well No Tr PrgJ Prgl No Tr PrgJ Prgl
PrgJ Prgl
G, r"Empty Vectonr PrgJ V‘PrgJALRRs . Prgl H. 50 _ IC57B}/6
469 @ 46 284 10.8 40 Binired”
o o | & c57BLI6 &
530 -
c>\<,20
10
0 3 "
ORI IS
& o%® Q“;é%@

Figure 1. Human macrophages detect cytosolic Prgl while mouse macrophages show a weak
response

Human monocytic cell lines U937 (A, B) and Thpl (C, D) were differentiated into
macrophages with phorbol myristate acetate (PMA), primed with 50 ng/ml LPS, and then
transfected with purified Prgl or PrgJ. 2 h post transfection, cytotoxicity (A, C) and IL-1p
secretion (B, D) were determined by LDH release and ELISA, respectively. BMMs primed
with LPS (50ng/ml) for 4 hours were transfected with 125ng/well Prgl or PrgJ for 1 h and
(E) cytotoxicity or (F) IL-1p secretion were determined. (G, H) Retroviral lethality screen
was performed by transducing C57BL/6 and N/rc4-/- BMMs with retroviruses expressing
GFP alone (empty vector), prgJ-GFP, prgJALRRs-GFP, or prgl-GFP. Survival of GFP* cells
was determined by flow cytometry 2 days later by flow cytometry. Part of data in G and H
(GFP alone and prg+GFP) were previously published in (8); prgJALRRs-GFP and prgl-GFP
transduction data from the same experiment is now presented here. (H) Quantification of G.
Graphs show mean and standard deviation of triplicate wells and are representative of at
least 3 independent experiments.
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Figure 2. Naipl expression in BMMswith or without stimulation with LPS or Polyl C from the
innateimmune database

(A) BMMs were left untreated or primed with LPS or poly(l:C) 23 h and RQ-PCR was
performed to assess NVaipZ and Naip2 transcript levels relative to Rps17. (B) Cytotoxicity in
response to cytosolic Prgl or PrgJ protein was determined at 2 h in unstimulated BMMs or
BMMs primed with 6ug/ml Poly(I:C) for 2 days. Data representative of 2—-3 independent
experiments.
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Figure 3. NAIP1 complementation confersrobust Prgl sensitivity to BMMs

Prgl or PrgJ were transfected into the cytosol of iBMMs and (A) cytotoxicity and (B) IL-1B
secretion were measured at 2 h. (C-D) iBMMs were transduced with retroviruses expressing
either GFP alone (Empty vector) or NaipZ-IRES-GFP and GFP+ cells were purified by
FACS. (C) Cytotoxicity and (D) IL-1p secretion were determined 2 h after Prgl transfection.
Data in (A-B) and (C-D) are representative of 2 and 3 independent experiments
respectively.
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Figure 4. Peritoneal cavity macrophagesthat express NAIP1 basally respond to T3SS needle

(A) Quantitative PCR was performed to assess the amounts of NajpI (red bars), Najp2
(black bars), Naip5 (grey bars) and Naip6 (white bars) transcripts expressed in BMMs or the
indicated organs and normalized to GAPDH. (B) Levels of MaipZ and Najp2 transcripts
were determined in BMMSs (white bars) or peritoneal cavity macrophages (PerC) by
quantitative PCR.(C) PerC macrophages from C57BL/6 (black bars) or N/rc4-/- mice
(white bars) were primed with LPS (50ng/ml) before transfection with Prgl, PrgJ, or FIgE.
IL-1f in the supernatants was measured at 2 h. Data representative of at least 2-3
independent observations.
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